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The quasi-static anisotropic permittivity parameters of electrically insulating gallium oxide (β -Ga2O3) were determined
by terahertz spectroscopy. Polarization-resolved frequency domain spectroscopy in the spectral range from 200 GHz to
1 THz was carried out on bulk crystals along different orientations. Principal directions for permittivity were determined
along crystallographic axes c, and b, and reciprocal lattice direction a∗. No significant frequency dispersion in the real
part of dielectric permittivity was observed in the measured spectral range. Our results are in excellent agreement with
recent radio-frequency capacitance measurements as well as with extrapolations from recent infrared measurements
of phonon mode and high frequency contributions, and close the knowledge gap for these parameters in the terahertz
spectral range. Our results are important for applications of β -Ga2O3 in high-frequency electronic devices.
Single crystalline monoclinic structure beta gallium oxide
(β -Ga2O3), an ultra-wide bandgap semiconductor with direct
band gap reported in the range from 4.8 eV to 5.04 eV,1–6
is being extensively researched due to its potential for im-
proved performance in a wide variety of power switching ap-
plications as well as radio frequency (RF) components typi-
cally employed in power supplies, radar, communication sys-
tems, etc.7 Because of its high estimated breakdownfield (Ebr)
of approximately 6-8 MV/cm,8–10 its Baliga figure of merit,
which is proportional to the third power of Ebr, has been es-
timated to be greater than that of Si and GaN.8,11 In addition
to this primary area of application, since its optical absorp-
tion edge lies at ultra-violet (UV) wavelengths, β -Ga2O3 may
also potentially enable the development of solar-blind UV op-
toelectronic devices12,13 Moreover, a large bandgap energy
and controllable n-type doping could also facilitate its use as
a transparent conductive film for deep-UV applications.1,14
While the overall focus of β -Ga2O3 research is targeted to-
wards electronic device applications, there is a considerable
need to understand its dielectric permittivity ε(ω) at different
frequencies from static (DC), through the far infrared (FIR)
and infrared (IR) to the visible, ultraviolet (UV) and deep
ultraviolet (DUV) spectral regions.2,3,5,15–18 A fundamental
constitutive materials parameter, the permittivity is a direct
measure of the polarizability of the constituent atomic lat-
tice and the electron charge distribution under an externally
applied electric field. The low-symmetry (C2/m) of mono-
clinic β -Ga2O3 results in strongly anisotropic dielectric per-
mittivity parameters along different crystal directions. This
a)Electronic mail: berardi.sensale@utah.edu
anisotropic behavior extends over different frequency regions
and hence requires comprehensive characterization. Recently,
FIR and IR ellipsometric measurements have identified trans-
verse (TO) and longitudinal (LO) phonon mode parameters
and their contributions to the anisotropic permittivity in the
FIR-IR spectral region. It was observed that phonons polar-
ized within the monoclinic plane do not coincide with spe-
cific crystallographic directions, and as a consequence, TO
and LO phonons do not coincide in polarization direction
either.16,19–22 A generalization of the well-known Lyddane-
Sachs-Teller relationship was reported for monoclinic and tri-
clinic materials, which relate static and high-frequency per-
mittivity values to the long wavelength active phonon mode
parameters.16,23 More recently, Fiedler et al. using radio-
frequency (RF) measurements on capacitor structures fabri-
cated perpendicular to principal planes (100), (010), and (001)
reported strong anisotropy of the RF permittivity.15 However,
in low symmetry crystal systems principal lattice planes are
not perpendicular to principal unit cell directions, and the RF
measurements did not provide the full set of intrinsic permit-
tivity values yet. In this letter, we characterize the quasi-static
dielectric permittivity of β -Ga2O3 in the frequency range ap-
proximately from 0.2-1 THz, and we obtain the full set of all
permittivity values for all major lattice directions and direc-
tions perpendicular to all principal planes. We compare our
results with those from RF and FIR-IR spectral investigations.
Our investigation bridges the previously reported FIR-IR and
RF studies, and provides information of the dielectric permit-
tivity in the upper gigahertz spectral region of this emerging
semiconductor.
Due to the monoclinic symmetry, the anisotropy of β -
Ga2O3 requires careful consideration of lattice directions, and
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unambiguous assignment of lattice axes and coordinate sys-
tems. In general, the dielectric tensor possess four indepen-
dent complex-valued elements, and cannot be diagonalized
for all wavelengths due to frequency dependence of the per-
mittivity. Optical axes, which describe directions within a
given crystal along which light can propagate maintaining its
polarization, change angular orientation in spectral regions
where the permittivity undergoes dispersion in monoclinic
crystal systems. This phenomena is also known as rotation of
optical axes. This was recently demonstrated for the IR and
FIR range for β -Ga2O3, where all 4 tensor components show
strong dispersion behavior across the phonon mode spectral
region.16 In another example, Yiwen, Jiyong and Li stud-
ied propagation of terahertz waves in a monoclinic crystal of
BaGa4Se7.
24 The existence of free charge carriers with direc-
tion dependent mobility parameters produce anisotropic prop-
erties with strong dispersion in the terahertz spectral range. If
free charge carriers can be suppressed, either by compensa-
tion doping or by using high quality crystalline material, then
the dielectric response is composed of all higher frequency
bound excitation, such as phonons, band-to-band transitions,
excitons, and x-ray absorption. Phononmodes in this material
system are known to be present at frequencies > 3 THz16,25,26.
If phononmodes are far enough away from the terahertz spec-
tral range measured, then dispersion caused by phonons can
be neglected. If there is no other dielectric mechanism such
as polaron absorption, or charge re-localization between dif-
ferent defects, then the dielectric permittivity tensor should
be constant and reveal no significant frequency dispersion.
This criterion is important for determining dielectric constants
which can then be compared with static or RF measurements.
We therefore refer to the terahertz dielectric permittivity pa-
rameters here discussed as quasi-static permittivity parame-
ters. We use here polarization-resolved frequency domain
spectroscopy methods and extract the anisotropic dielectric
permittivity along different crystal directions. We compare
our results with recent RF capacitance measurements as well
as with extrapolations from recent FIR-IR measurements of
phonon mode and high frequency permittivity contributions,
and close the knowledge gap for these parameters in the tera-
hertz spectral range. The results of our study are of great tech-
nological interest for applications of β -Ga2O3 in electronic
devices.
Figure 1 depicts the unit cell of β -Ga2O3 and a set of
Cartesian coordinates, (x,y,z). Due to the monoclinic angle
(β = 103.7◦),27 axes a and c are not perpendicular to each
other. The samples investigated in this work are characterized
by the Miller indices of the crystallographic planes at the sur-
face. The vectors normal to the planes are obtained by the
reciprocal lattice vectors
a
⋆ =
b× c
a(b× c)
, b
⋆ =
a× c
b(a× c)
, c
⋆ =
a×b
c(a×b)
, (1)
where× is the vector product, and because b is perpendicular
to a and c, vector b⋆ and b are parallel. Vectors a⋆ and c⋆ are
depicted in Fig. 1(b).
The frequency dependent permittivity of β -Ga2O3 can be
Ga O
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FIG. 1. (a) Definition of Cartesian coordinate system (x, y, z), and
the unit cell of β -Ga2O3 with monoclinic angle β , and crystal unit
axes a, b, c. (b) Monoclinic plane a - c viewed along axis b. (b
points into the plane.) Reciprocal lattice vectors c⋆ parallel to axis y
and a⋆ parallel to axis x (not drawn to scale). Principal plane Miller
indices for surfaces of samples investigated here are shown in (c),
with surface normal reciprocal lattice vectors. Note that b⋆||b. The
figure was adapted from Ref.16
expressed by a second-rank tensor16
ε(ω) =


εxx εxy 0
εxy εyy 0
0 0 εzz

 , (2)
where elements εxx, εxy, εyy, and εzz are generally independent
functions of frequency. With the coordinates defined in Fig. 1,
εxx, εyy, and εzz correspond to permittivities for displacements
occurring along axes a, c⋆, and b, respectively, while εxy cor-
responds to the shear contribution due to displacements oc-
curring along directions y under electric fields along x, and
vice versa. Simple Euler angle rotations around axes z (φ ), x
(θ ), and z′ (ψ ; axis z after rotation by θ ) as defined in Ref. 16
permit us to express the permittivity tensor in the coordinate
system of the measurement setup and according to the crystal-
lographic surface orientation of a given sample. Rotation of ε
in Eq. 2 by φ = −(β − 90◦) results in new elements εx′x′ , and
εy′y′ which correspond to permittivity parameters for displace-
ments occurring along axes a⋆, and c, respectively, We deter-
mine the anisotropy and the frequency dependent permittivity
tensor by frequency-domain polarized terahertz transmission
measurements (THz-pT) at normal incidence, and generalized
spectroscopic ellipsometry (THz-GSE) at oblique angle of in-
cidence in reflection.
We use the Mueller matrix concept28 to describe the elec-
tromagnetic properties of an arbitrary anisotropic sample, rep-
resented by its input Stokes vector into its outgoing Stokes
vector,


S0
S1
S2
S3


output
=


M11 M12 M13 M14
M21 M22 M23 M24
M31 M32 M33 M34
M41 M42 M43 M44




S0
S1
S2
S3


input
. (3)
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FIG. 2. β -Ga2O3 (100) GSE data at Φa = 40
◦ and 60◦ angle of inci-
dence: Dotted green lines (experiment); Solid red lines (best match
model calculated). Data are presented in the Mueller matrix formal-
ism. All data are normalized to element M11. Data are shown for
three azimuths: P1 [ϕ = −1.5± 0.2◦]; P2 [ϕ = 43.5± 0.2◦]; P3
[ϕ = 88.5± 0.2◦]. The inset depicts schematically the location of
axes b and c in position P2. Axes x and y indicate the ellipsometer
coordinate axes, where x is parallel to the plane of incidence. The
sample thickness was determined from the same model analysis as
d = 469±1µm.
with Stokes vector components defined here by S0 = Ip + Is,
S1 = Ip− Is, S2 = I45− I−45, S3 = I+− I−, and Ip, Is, I45, I−45,
I+, and I− denote the intensities for the p-, s-, +45
◦, -45◦,
left handed, and right handed circularly polarized light com-
ponents, respectively.29,30 In our THz-GSE setup,31 we obtain
elements in the upper 3×3 block normalized to element M11.
We use matrix algebra approaches to calculate the Mueller
matrix elements for arbitrary anisotropic permittivity config-
urations, as explained in detail previously.5,16,19,29,32 In THz-
pT, we measure M11+M12, which corresponds to the linearly
polarized (horizontal) Stokes vector intensity.
Three electrically insulating samples were studied in our
measurements; (i) Sample A - Czochralski grown Al3+ doped
crystal with (100) surface orientation33,34, (ii) Sample B-
(010) Fe doped crystal and, (iii) Sample C - Fe doped (001)
substrate (refer to the Supplementary Information for addi-
tional details). The thickness parameters of all samples were
determined bymechanical measurements and from analysis of
the spectroscopic measurements (in good agreement). Crys-
tallographic plane Miller indices for surfaces of samples in-
vestigated here are shown in Fig. 1(c), with surface normal
vectors expressed in reciprocal lattice vectors.
THz-GSE measurements were carried out at 40◦ and 60◦
angle of incidence in reflection configuration on Sample A
and Sample B, wherein the samples were also rotated to mul-
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FIG. 3. Experimental (symbols) and best-match calculated (lines)
THz-pT (polarized transmission) measured for electric field direc-
tions very close to (a) a⋆, (b) c, and (c) b-axis. The variation in the
Fabry-Pérot fringes between spectra shown in (a) and (b) reveal the
strong anisotropy between the permittivities for directions a⋆ and c.
The sample thickness for the fits in (a) and (b) was found to be 515
µm while that in (c) is taken to be 656 µm
tiple azimuth orientations as described in Ref.16. THz-GSE
data from these samples were analyzed simultaneously in a
best-match model regression analysis to determine the values
of the relevant permittivity tensor elements. Specific sample
orientations were accounted for by proper mathematical rota-
tions of the permittivity tensor. THz-pT measurements were
performed on samples A and C using a linearly polarized in-
cident beam at normal incidence. Samples were oriented such
that the incident electric field is parallel to a⋆, b, and c axes.
Figure 2 depicts selected reflection-type GSE data from
sample A, (100) β -Ga2O3, at multiple angles of incidence,
and at multiple sample azimuths. Experimental data and
best-match model calculated data are in excellent agreement.
Upon rotation to various azimuths, the sample reveals strong
anisotropy, recognizable in non-vanishing off-diagonal block
elements M31, M13, M32, and M23. At azimuth positions P1
and P3, axes b and c align with the instrument coordinates x
and y, and therefore the off-diagonal block elements vanish.
Similar data are shown in the Supplementary for sample B.
Both data sets were analyzed simultaneously, where parame-
ters for ε and azimuth orientation φ are determined. Our anal-
ysis reveals that the fourth tensor element εxy is too small to
be identified in our data analysis. This observation is in agree-
ment with our previous IR-FIR GSE results where the DC
value of εxy was predicted by extrapolation to be very small
(-0.13).16 Hence, In the measured frequency range, we find
the permittivity tensor can be diagonalized, where only three
elements are needed. These three elements correspond to the
principal dielectric axes. An excellent match to the measured
Mueller matrix data can be achieved by setting the directions
of the principal axes to be along a⋆, b, and c. Therefore, the
Euler angles for the (100) cut sample A are fixed at θ = 90◦
andψ = 90◦, and for (010) cut sample B to θ = 0◦ andψ = 0◦.
We note that the principal dielectric axes directions in mono-
clinic materials do not necessarily have to coincide with crys-
tallographic axes. For the case of β -Ga2O3 we find these axes
are indistinguishably close to a⋆, b, and c. This observation is
further verified by the THz-pT measurements as discussed be-
low. Furthermore, we observe no dispersion in the measured
frequency range ( 0.6-0.9 THz).
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TABLE I. Static permittivity parameters for β -Ga2O3 for dielectric displacement along axes a, a
⋆, b, c, and c⋆ as defined in Fig. 1, obtained
from THz-GSE and THz-pT experiments, in comparison with theory, RF capacitance measurements, and extrapolations from FIR-IR GSE
using the eigendielectric polarization model. Note, the values given for the THz-GSE determined a and c⋆ are calculated by rotating the
diagonalized permittivity tensor (which contains the values of a⋆, b, and c).
a c
⋆
a
⋆
c b
THz-GSE 10.19a 12.27a 10.05±0.05 12.4±0.06 10.6 ±0.06
THz-pT 10.11b 12.21b 9.97±0.57 12.35±0.70 10.09 ±0.23
RF Capacitance15 - 12.4±0.04 10.2±0.2 - 10.87±0.08
FIR-IR GSE16 10.(9) 12.(7) 10.(8) 12.(6) 11.(2)
Theory35 10.84 - - 13.89 11.49
a The resulting off-diagonal tensor component associated with a and c⋆ is -0.54.
b The resulting off-diagonal tensor component associated with a and c⋆ is -0.56.
From the frequency-independent values of ε , permittiv-
ity parameters for all crystallographic axes are obtained, and
listed in Table. I.
Figure 3 depicts THz-pT data for sample B, (010) β -
Ga2O3, and sample C, (001) β -Ga2O3. The sample orien-
tation was rotated with respect to the polarization of the inci-
dent terahertz beam and the corresponding transmission was
measured at several angles in the a-c plane. Given the insu-
lating nature of the Fe-doped substrates, we expect to observe
single-mode Fabry-Pérot (FP) oscillations when the incident
E-field is along a major polarizability axis with the transmis-
sion levels at the FP maxima approaching near unity. Our
measurement of polarization-resolved transmission at differ-
ent angles in the a-c plane indicate that the principal axes are
close to a⋆ and c-directions in the (010) substrate (in agree-
ment with the THz-GSE results). Fig. 3(a) and (b) show the
transmitted E-field amplitude when the directions a⋆ and c are
aligned with the incident polarization, respectively. Fig. 3(c)
depicts the transmission of the (001) surface with the b axis
parallel to the incident polarization. Experimental data and
best-match model are in good agreement (see Supplementary
Information for further details). The index of refraction values
extracted from these particular analyses are na∗= 3.16±0.09,
nc = 3.51± 0.10 and nb = 3.18± 0.035. No frequency dis-
persion is observed as evidenced by a constant free spectral
range over the measured spectral range. A small drop of the
peak transmission levels is observed at the higher frequency
end of the measured spectrum (i.e. above 0.7 THz), which,
in all cases, is associated with an imaginary part of refractive
index≪ 0.01.
All permittivity values obtained here are listed in Table. I
and compared with previous RF and FIR investigation results.
Our results are consistent among our different techniques and
compare very well with the previous electrical and optical
methods. The RF measurements report permittivity values
which correspond to the reciprocal directions of the princi-
pal lattice planes, and (100), (010), and (001) planes, respec-
tively, a⋆, b⋆, and c⋆, were investigated. Some of us reported
previously on FIR-IR GSE analysis introducing an eigendi-
electric polarization model for phonon mode contributions to
best-match model parameterize the four functions of the per-
mittivity tensor. From the extrapolation in this model towards
zero frequency, the DC permittivity values were reported. It
is noted here that due to a misprint, values reported in Ref. 16
for permittivity parameters corresponding to a and c⋆ were
accidentally switched, and are reported correctly here. We
also include values corresponding to a⋆ and c, which change
very little and within the uncertainty limits. In Table I, it is
important to note that with THz-pT measurements we extract
the dielectric permittivity values along a⋆, c, and b and val-
ues for a and c⋆ are obtained by mathematical rotation of the
tensor. The knowledge of the principal directions for permit-
tivity as reported here will be of importance for the accurate
simulation of electric field distribution in electronic devices.
Furthermore, our results could invariably assist subsequent
investigations of terahertz conductivity of epitaxially grown
conductive films (e.g., doped β -Ga2O3).
In conclusion, we determined the dielectric permittivity
along principal lattice directions and directions perpendicu-
lar to principal planes for β -Ga2O3 for 200 GHz to 1 THz. In
this spectral range we do not observe any significant disper-
sion in the real part of the dielectric permittivity. Our results
are in good agreement with recent RF and FIR-IR measure-
ments. Our data can be used to predict the permittivity along
any direction within the highly anisotropic crystal. The data
reported here will be of importance for electronic device de-
signs and simulations involving β -Ga2O3.
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2A. Sample Information
Sample Name Description Orientation Provider
Sample A
A single side polished (SSP) Czochralski grown trivalent
(Al3+) doped single crystal with 5 mol % of dopant
concentration in the melt and is electrically insulating
(100) IKZ
Sample B
Czochralski grown single crystal that is Fe
compensated and electrically insulating with
a mechanically measured nominal thickness of 523µm
(010)
Northrop
Grumman
SYNOPTICS
Sample C
Fe compensated and electrically insulating single
crystal of mechanically measured thickness of 656 µm
(001)
Novel
Crystal
Technologies
Inc.
B. Analytical Models for CW transmission measurement
Given the multiple reflection scenario resulting from the ‘Air/GO’ and ‘GO/Air’ interfaces the
ABCD matrix formalism was adopted to model the measured Fabry-Perot oscillations:

A B
C D

=

 cos(φGO) jZGOsin(φGO)
j
ZGO
sin(φGO) cos(φGO)

 (1)
where φGO =
nGOωdGO
c
provides the propagation phase of the terahertz wave along a certain
direction, nGO is the refractive index along a given direction, ω is the angular frequency, c is the
speed of light, dGO is the sample thickness and, ZGO =
Zo
nGO
where Zo is the free-space impedance
(Zo = 377 Ω).
The following formula represents the final (complex) terahertz transmission through the sub-
strate
tGO =
2
A+ B
Zo
+CZo +D
(2)
Equations (1) and (2) are employed for calculating transmission along the crystal axes. The
transmission at other angles ψ in the a-c plane was modeled as a superposition of the transmission
response of the two (principal) axes formed by the eigenvectors.
t = t1cos
2(ψ)+ t2sin
2(ψ) (3)
3where ’ψ’ is the in-plane angle between the E-field polarization and the sample’s crystal axes.
C. Mueller matrix data of (010) Fe doped substrate
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FIG. S1: β -Ga2O3 (010) GSE data at Φa = 40
◦ and 60◦ angle of incidence: Green symbols
(experiment); Solid red lines (best match model calculated). Solid green circles indicate data for
Φa = 40
◦, and open squares for Φa = 60
◦. Data are presented in the Mueller matrix formalism.
All data are normalized to element M11. Data are shown for three azimuths: P1 [ϕ = 0.9±0.2
◦];
P2 [ϕ = 45.9±0.2◦]; P3 [ϕ = 90.9±0.2◦]. The inset depicts schematically the location of axes
a⋆ and c in position P2. Axes x and y indicate the ellipsometer coordinate axes, where x is parallel
to the plane of incidence. The sample thickness was determined from the same model analysis as
d = 525±1µm.
Figure S1 shows the THz-GSE Mueller matrix data for sample A (010) cut β -Ga2O3 for multi-
ple angles of incidence and multiple azimuth orientations. This data was analyzed simultaneously
with data shown in Fig. 2 (main manuscript) to produce the best-match model results for permittiv-
ity given in Table 1. In addition to real-valued contributions to the permittivity, a small imaginary
contribution Im{ε} is also included in our model analysis to perfectly fit the experimental data
(for both 010 and 100 samples). The values for Im{ε} which correspond to the a⋆, b, and c axes
are 0.10±0.004, 0.08±0.004, and 0.11±0.004, respectively.
4D. THz transmission in the a-c plane
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FIG. S2: (a) (top) Calculated transmission amplitudes for polarization parallel to ∼ a∗ and ∼ c,
(bottom) their corresponding phase difference illustrating the fact that phase difference becomes
∼ pirad at a specific frequency (∼ 810 GHz), (b) measured transmission at ψ = 450 in blue and
the calculated response in orange
Another notable aspect is that in the a-c plane at intermediate angles between the principal dielec-
tric axes, the measured transmission spectrum deviates from the single mode FPs shown in Fig.S2.
As a result, at ψ = 45o significant polarization rotation can occur. Utilizing the extracted principal
indices, the amplitude and phase of transmission were calculated for incident fields parallel to the
two major polarizability axes a∗ and c and are shown in the upper and lower panels of Fig. S2(a)
respectively. We notice that the phase difference (∆φ) between the two becomes 180◦ at a specific
frequency point (and its multiples) . This phase difference between the two principal axes indi-
cates that the transmitted polarization is rotated to the orthogonal direction of the input/detection
polarization resulting in a transmission minima as seen in Fig. S2(b). The gallium oxide substrate
(for the given thickness and birefringence) behaves as a half wave-plate. Consequently, the posi-
tion of this minima is sensitive to the index difference (∆n) of the constituent polarizability axes
and the substrate thickness. We can see a good agreement between the measured and modelled
response.
Additionally, in Figure 3 (of the main manuscript) we observe that while at low end of the
spectrum, i.e. frequency < 0.7 THz, the FP maxima reaches unity, as expected from the insulating
nature of the samples, at the higher frequency end (> 0.7 THz), the maxima slightly drop from
unity. This can be understood as arising from an apparent frequency dependent loss component,
5which can be represented through an effective conductivity ranging from 0 S/m (at frequencies
up to 0.7 THz) to 2 S/m (at 1 THz). This small loss, which does not yield discernible index
dispersion, does not stem from free-carrier concentration but could possibly be due to either i) the
tail of phonon modes occurring at higher frequencies, ii) a manifestation of a small offset between
the measured directions and the actual polarizability axes, or iii) a non-uniform sample thickness
over the probe beam spot. Exploring the underlying reason for this observation requires further
measurements, e.g. in an extended spectral range, and is beyond the scope the of the current study.
